Cold, two-body antiprotonic helium ions p 4 He 2 and p 3 He 2 with 100-ns-scale lifetimes, occupying circular states with the quantum numbers n i 28-32 and ' i n i ÿ 1 have been observed. They were produced by cooling three-body antiprotonic helium atoms in an ultra-low-density helium target at temperature T 10 K by atomic collisions, and then removing their electrons by inducing a laser transition to an autoionizing state. The antiprotonic helium ion (pHe 2 ) [1,2] is a singly charged, two-body Coulomb system composed of an antiproton and a helium nucleus. We here report on the first production of cold ions of the p 4 He 2 and p 3 He 2 isotopes with lifetimes ( i 100 ns) against annihilation. These highly excited circular states, which had principal and angular momentum quantum numbers n i 28-32 and ' i n i ÿ 1, were selectively populated by cooling threebody antiprotonic helium atoms by atomic collisions, and then removing their electrons by inducing a laser transition to an autoionizing state.
The antiprotonic helium ion (pHe 2 ) [1, 2] is a singly charged, two-body Coulomb system composed of an antiproton and a helium nucleus. We here report on the first production of cold ions of the p 4 He 2 and p 3 He 2 isotopes with lifetimes ( i 100 ns) against annihilation. These highly excited circular states, which had principal and angular momentum quantum numbers n i 28-32 and ' i n i ÿ 1, were selectively populated by cooling threebody antiprotonic helium atoms by atomic collisions, and then removing their electrons by inducing a laser transition to an autoionizing state.
These ions constitute ideal semiclassical Bohr systems whose spin-independent parts of the energy levels (left side of Fig. 1 ) can be theoretically calculated to very high precision (10 ÿ8 ) using the simple equation [3] E n ÿ 4R 1 hc n
where the reduced mass of the system is denoted by M, the electron mass by m e , the Rydberg constant by R 1 , and the antiproton and electron charges by Q p and e. For comparison, in the 2p state of atomic hydrogen relativistic corrections to the above equation appear at a level of 10 ÿ5 and QED corrections at 10 ÿ6 [3] . These effects are very small in the pHe 2 case, partly because of the large mass and small magnetic moment of the antiproton, and partly because the probability density of its semiclassical orbits are circular and have almost no overlap with the helium nucleus. A single isolated ion can easily be shown to have typical lifetimes near n i 30 of i 0:3-0:4 s against annihilation, as the antiproton undergoes a series of radiative transitions [3] with straight arrows in Fig. 1 ), before being absorbed by the nucleus from the n i 3 region [4] .
The antiproton mass and charge were recently determined to a precision of one part in 10 8 by combining the results of laser spectroscopy experiments [5] on the neutral three-body pHe p He 2 e ÿ atom [6] , and the cyclotron frequency of antiprotons measured in a Penning trap [7] . These derivations, however, relied heavily on the results of difficult three-body QED calculations of the pHe atomic energy levels (right side of Fig. 1 ) which currently have errors (10 ÿ8 ) similar in magnitude to those of the measured laser transition frequencies [8, 9] . This is not the case for the two-body pHe 2 , where the long lifetime necessary for laser spectroscopy is coupled with extreme ease in calculating its energy levels; these factors may make this ion a better candidate than the pHe atom for determining the properties of antiprotons at the highest precision.
Antiprotons coming to rest in helium can produce pHe 2 ions in doubly ionizing collisions with helium atoms when their kinetic energy falls to E 10 eV [10, 11] . The produced ions recoil with kinetic energy corresponding to temperature T 10 4 K [10, 11] and must come to thermal equilibrium via numerous collisions with the surrounding gas (e.g., at 10 K) if they are to be studied by high precision laser spectroscopy. Only a few such binary encounters, however, suffice for collisional Stark effects to mix the high-' i states with the S, P, and D states [10 -13] , and since these have a large overlap with the helium nucleus, the ion will be normally destroyed within picoseconds [4,12 -15] .
A two-step method that solves these problems and produces cold, long-lived pHe 2 ions occupying a given state n i ; ' i was suggested by the laser spectroscopy experiments with high-n; ' neutral pHe atoms referred to above. These atoms reach thermal equilibrium intact and survive for several microseconds afterward because the electron inhibits collisional Stark mixing [6] . This allows transitions to Auger-dominated states n A ; ' A to be subsequently induced by a laser, and a spontaneous Auger decay will then produce the nearest ionic state n i ; ' i :
In these pHe experiments, the Auger decay lifetime A n A ;' A was visible as the tail of an annihilation rate ''spike'' (Fig. 2 ) that appeared when the laser induced a transition to state n A ; ' A . Normally, collisional Stark mixing once again immediately destroys any ion produced subsequently by the Auger process, in which case the length of the tail measures A n A ;' A directly (folded with the timing resolution of the laser pulse). In fact the Auger lifetime of most neutral pHe states measured in this way does agree with theoretical values within the experimental errors [8, 9, 16] . We expected, however, that as the target density (i.e., collision rate) was reduced, the pHe 2 ion's own lifetime would begin to compete with the Auger lifetime of its parent pHe state. This would be seen as a lengthening of the tail and should therefore be an unambiguous signature of the production of cold, long-lived ions. If we assume ions thermalized to temperature T to be destroyed in binary collisions with helium atoms at target density , their decay rate will be
where the cross section of collision-induced annihilation is denoted by , the Boltzmann constant by k B , and the reduced mass of the pHe 2 -He system by M red . Previous experiments had revealed no such effect, but assuming a cross section of 10 ÿ15 cm ÿ3 , it seemed likely that the collision rate at even the lowest helium densities used heretofore [ 0:5 ÿ 1:5 10 18 cm ÿ3 in Ref. [5] -itself 10 3 -10 4 times lower than in previous experiments [6] ] had been 1-2 orders of magnitude too high to produce it.
The experimental setup was similar to the one used previously to study neutral pHe atoms [5] , but the much lower target densities and higher time resolutions needed to unambiguously demonstrate the production of pHe 2 ions necessitated numerous modifications in the particle decelerator, target, detectors, and laser systems. Beam pulses containing 3 10 7 antiprotons with energy E 5:3 MeV, pulse length t 100 ns, and repetition rate f 0:01 Hz were produced by the antiproton decelerator (AD) of CERN. A radio frequency quadrupole decelerator (RFQD) [17] decelerated some 30% of the antiprotons in each pulse to energies T 80 keV; these were diverted by an achromatic momentum analyzer consisting of dipole, quadrupole, and solenoidal magnets connected to the output of the RFQD, and entered a helium gas target through a 1:3-m-thick polyethylene naphthalate window. The target was a 15-cm-diameter, 30-cm-long cylindrical chamber filled with 4 He (purity 99.9999%) or 3 He (99.997%) gas at temperature T 10 K. We managed to stop antiprotons and form pHe within the volume of the chamber at helium density 3 10 16 cm ÿ3 ; this was made possible by minimizing the energy spread and emittance of the antiproton beam through careful tuning of the electron beam cooler of the AD [18] , optimizing the trajectory of the antiprotons through the RFQD using microwire beam profile monitors, adjusting the output energy of the RFQD by biasing its electrodes with a high voltage [17] , and utilizing a target entrance window of superior thickness uniformity (better than 100 nm) compared to those previously [5] used. The gas pressure (typically p 3 10 ÿ2 mb) was measured using capacitance manometers. Charged pions emerging from antiproton annihilations were detected by Cherenkov counters surrounding the target, equipped with a microchannel plate photomultiplier which measured the envelope of the Cherenkov light with subnanosecond time resolution. By recording the waveform with a digital oscilloscope, delayed annihilation time spectra (the distribution of the number of antiproton annihilations, as a function of time elapsed since the neutral pHe was formed) were recorded. A Nd:YAG-pumped dye laser with four dye amplification stages produced 2 -4-ns-long laser pulses tuned to wavelengths 264-726 nm with the high energy required here (" 10-80 mJ=pulse). In order to irradiate all the antiprotons stopped in the target, the laser beam was expanded to a diameter d 12 cm using 15-cm-diameter lenses and allowed to enter the target through two 12-cmdiameter fused silica windows.
The time spectra of Fig. 2 confirm the reasoning outlined above concerning the tails of spikes in the annihilation distributions. Figure 2 (a) was found at the high target density 2 10 18 cm ÿ3 by tuning the laser to the wavelength 597:3 nm of a p 4 He transition from state n; ' 39; 35 with lifetime 39;35 1:4 s, to a state n; ' 38; 34 with a short Auger lifetime A 38;34 9 ns [8, 9, 16] . Auger emission (curved arrow in Fig. 1 ) then produced the pHe 2 ionic state n i ; ' i 32; 31. The annihilation spike decayed with lifetime obs 9 1 ns, which indicates that the ion was destroyed by collisions in a short time relative to the pHe Auger lifetime A 38;34 9 ns. When the same transition was measured at a 100 times lower density 3 10 16 cm ÿ3 , however, the lifetime increased by an order of magnitude to obs 90 20 ns [ Fig. 2(b) ], due to the prolonged collisional lifetime i of the ion occupying n i ; ' i 32; 31. This spectrum, representing data accumulated from 10 10 antiprotons stopped in the target, includes 10 6 such ions. The laser was fired at time t > 2 s after antiproton arrival, to allow the pHe to thermalize to the gas temperature T 10 K. The temperature of the ions was inferred from the observed thermal Doppler widths (ÿ < 500 MHz) of the 597.3-nm pHe resonance; the pHe 2 ions produced subsequently have roughly the same temperature, since the kinetic energy of the emitted Auger electron is very low (E A 38;34 0:8 eV, corresponding to the energy difference between the Auger-dominated pHe and final pHe 2 states; see Fig. 1 ). This results in a 100-eV recoil energy for the ion.
Further support for the production of ions was provided by populating the same p 4 He 2 state n i ; ' i 32; 31 by driving two other p 4 He transitions: n; ' 40; 35 ! 39; 34 at wavelength 672:8 nm, and 37; 34 ! 38; 33 at 713.6 nm. Despite the fact that the three transitions involved intermediate states having very different Auger [8, 9, 16] lifetimes (9 ns, 1 ns, and 3 ps, respectively) and emission energies of the Auger electron (0.8 eV, 2.6 eV, and 0.5 eV, respectively), the observed lifetimes obs of the tails of the corresponding annihilation spikes agreed with one another at low target densities < 6 10 17 cm ÿ3 , where the ion's lifetime is expected to dominate (i.e., obs i ). This result is consistent with the expectation that all three p 4 He transitions ultimately proceed to the same long-lived p 4 He 2 state n i ; ' i 32; 31.
We measured the lifetimes i of p 4 He 2 produced at target densities between 3 10 16 and 2 10 18 cm ÿ3 initially occupying four states: n i ; ' i 32; 31 (de- In the region < 5 ÿ 10 10 17 cm ÿ3 , obs increased roughly as a linear function of density, as indicated by solid lines in Fig. 3 . This qualitatively agrees with expectations for pHe 2 ions destroyed in binary collisions with helium atoms as described by Eq. (3). The weak transition at 713:6 nm could not be observed at densities < 5 10 17 cm ÿ3 , and so it is not analyzed here. Although a reliable extrapolation of all these decay rates to 0 was not possible due to the large systematic errors associated with measuring gas densities < 3 10 17 cm ÿ3 , the data are consistent with the theoretical expectation of isolated ions having lifetimes of a few hundred nanoseconds against annihilation. At high densities > 1 10 18 cm ÿ3 , the obs values of four transitions at 597:3, 470.7, 372.6, and 287.4 nm saturated to values consistent with the theoretical Auger values A 4-9 ns folded with the time resolution las 4 ns of the laser pulse, as indicated by dotted lines in Fig. 3 . The other transitions involving shorter Auger lifetimes A < 2 ns saturated to values corresponding to this resolution las .
The measured gradients d i =d are plotted as a function of the n i value in Fig. 4 
